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Available online 24 June 2016AbstractNanostructured binary transition oxides have been extensively developed as high-performance electrode materials for supercapacitors. The
rational design of microstructure plays a decisive role of the electrochemical performance of fabricated electrode materials such as high specific
surface area (SSA), meso-porous, short ion transferring path and high electrical and ion conductivity. Besides, the low manufacture cost is
necessary for the mass production. In this paper, porous NiCo2O4/C nanofibers are replicated with cotton as template via hydrothermal route
followed by annealing in air. As the electrode of supercapacitor, the porous NiCo2O4/C nanofibers show a high specific capacitance of
1029 F g1 at a current density of 1 A g1. Remarkably, such electrode material exhibits excellent rate capability. Even at a current density as
high as 60 A g1, its specific capacitance still maintains 771 F g1. This high rate performance can be attributed to the porous structure,
facilitating the ion transport in the electrode material.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Clean and renewable energies become more and more
important to our modern society due to the current problems
such as environmental pollution, global warming and deple-
tion of fossil fuels [1,2]. Li-ion battery (LIB) and super-
capacitor are two main kinds of electrochemical devices for
high-efficiency energy storage in practical applications.
Although LIBs have been widely used in the electronic de-
vices and even in electric vehicles, their cycle life and charge/
discharge rate are not so satisfactory for many application
fields [3,4]. Especially for electric vehicles, it is difficult for
LIBs to completely meet the requirement of high power
density [5]. In this regard, supercapacitors have their superi-
orities over LIBs, such as faster charge/discharge rate, longer* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).cycle life and higher power density, which are considered as
ideal cooperative partners of LIBs to balance the power and
energy requirements [6,7]. For supercapacitors, the perfor-
mance is largely determined by electrode materials [8]. In
general, the electrode materials include carbon materials,
conductive polymers and transition metal oxides. The carbon
materials usually have high surface area, good electrical
conductivity and low cost, but the relatively low specific and
volumetric capacitance seriously limit their practical applica-
tion in supercapacitors [9e12]. For the conductive polymers,
although the specific capacitance is high, they suffer from poor
cycling performance due to the volume expansion and
contraction during the charge/discharge process [13e15]. In
recent years, various kinds of transition metal oxides such as
RuO2 [16], MnO2 [17e19], Co3O4 [20,21], NiO [22,23], CuO
[24] have been widely investigated as promising electrode
materials for supercapacitors. RuO2 can provide excellent
electrochemical properties, but its cost is very high. For
manganese oxides, the main disadvantage is the poorer B.V. This is an open access article under the CC BY-NC-ND license (http://
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tion. Actually, the low conductivity is the common shortage
for these single metal oxides [25,26].
Currently, binary transition metal oxides have been widely
used as faradaic electrode materials due to their large specific
capacity, high electronic conductivity and environmental
friendliness. The representative binary transition metal oxides
contain NiCo2O4 [27e34], ZnCo2O4 [35,36], CoMoO4
[37e39], NiMoO4 [40e45] and NiWO4 [46]. Among them,
NiCo2O4 has been paid more attention by the scientists
because it possesses better electrochemical activity and elec-
trical conductivity at least two orders of magnitude higher than
pure Co3O4 and NiO [47,48]. Furthermore, the redox reactions
offered by NiCo2O4 are richer than pure Co3O4 and NiO
because both nickel and cobalt ions can contribute to the re-
action process. At present, there are three typical methods to
synthesize nanostructured NiCo2O4, including the solegel
[49], the hydrothermal and electro-deposition. Among them,
the hydrothermal method is usually used to synthesize various
nanostructured NiCo2O4 electrodes for supercapacitors. For
example, Wang et al. [50] reported urchin-like NiCo2O4
nanostructures via a facile hydrothermal method, exhibiting a
high specific capacitance of 1650 F g1 at a current density of
1 A g1. Lou et al. [31] directly synthesized NiCo2O4 nano-
needles and nanosheets on various conductive substrates by
hydrothermal method as electrode materials for high-
performance supercapacitors. These binder-free structures
not only present high specific capacitance, but also better rate
performance and cycling performance because of the better
conductive path.
In this work, we report a porous NiCo2O4/C nanofiber via a
facile hydrothermal method using cotton fibers as templates.
These porous electrodes show the high specific capacitance
1029 F g1 at a current density of 1 A g1. Furthermore, the
NiCo2O4 nanofiber can keep 75% of initial specific capaci-
tance at high current density of 60 A g1. This can be
attributed to the porous structure, facilitating the ion transport
in the electrode material.
2. Experimental
All chemicals were of analytical grade (purchased from
Sinopharm), and directly used without further purification.
The cotton was cleaned in deionized water and absolute
ethanol each for 30 min before use. The porous NiCo2O4/C
nanofibers were synthesized through a facile hydrothermal
route followed by thermal annealing in air. In a typical pro-
cess, 4 mmol NiCl2 6H2O, 8 mmol CoCl2 6H2O and 12 mmol
urea were dissolved in 60 ml distilled water under constant
magnetic stirring for 1 h at room temperature. Then 200 mg
cotton was put into the above solution, and stirred for another
1 h. The obtained mixture was sealed in a stainless steel
autoclave and maintained at 120 C for 6 h. After cooling
down to room temperature, the cotton coated with pink
product was cleaned by ultra-sonication in deionized water
and absolute alcohol, and then dried in an oven at 80 C for
12 h. Finally, the cotton with the as-grown precursor wasannealed at 400 C for 3 h in air to obtain porous NiCo2O4/C
nanofibers. For comparison, pure NiCo2O4 particles were
attained via the same procedure but without cotton.
Powder X-ray diffraction (XRD) patterns were collected by
a X'Pert PRO (PANalytical B.V., Holland) diffraction instru-
ment with high-intensity Cu Ka1 irradiation (l ¼ 1.5406 Å).
The morphology and microstructure of the synthesized sam-
ples were checked using a field-emission scanning electron
microscope (FE-SEM, FEI Sirion 200, Holland) and a trans-
mission electron microscope (TEM, JEOL JEM-2010F,
Japan). X-Ray photoelectron spectroscopy (XPS) measure-
ment was performed on a VG MultiLab 2000 system (Ger-
many) with a monochromatic Al Ka X-ray source (Thermo
VG Scientific). The BET surface area, pore size and volume
were measured by N2 absorption on a Micromeritics ASAP
2020 analyzer (US).
The electrochemical performance was measured by using a
three-electrode configuration on CHI760e electrochemical
workstation (Chenhua, Shanghai). 3 mol l1 KOH aqueous
solution was used as electrolyte, a standard Hg/HgO electrode
as reference and pure Pt foil as counter electrode. The working
electrode was prepared from a homogenous slurry made by
mixing 70 wt% active material, 20 wt% PVDF and 10 wt%
conducting carbon. The slurry was pressed on nickel foam
under a pressure of 10 MPa, and then dried at 80 C in vac-
uum. The typical mass loading of the active materials was
1 mg cm2. The specific capacitance of the electrode was
calculated according to the following equation:
Cs ¼ It=DV ð1Þ
where Cs is specific capacitance of the active material pressed
on the Ni foam, I is discharge current density applied to the
electrode (A g1), t is discharge time (s), and DV is the gap of
high and low potential (V). Electrochemical impedance
spectroscopy (EIS) was measured in the frequency range of
0.01e100 kHz using an alternating-current (AC) voltage with
5 mV.3. Results and discussion
The schematic formation process of the porous NiCo2O4/C
nanofibers is illustrated in Fig. 1. The synthesis contains two
steps. First, a pink precursor containing Ni and Co ions was
wrapped onto cloth fiber by hydrothermal reaction. Then, the
precursor was thermally transformed to dark black porous
NiCo2O4/C nanofibers at 400
C for 3 h in air.
XRD was employed to check the phase of the samples. As
shown in Fig. 2, the porous NiCo2O4/C nanofibers and
NiCo2O4 nanoparticles are both indexed well to the spinel
phase (JCPDS No. 20-0781). No other crystallized phases are
detected, indicative of high purity.
The morphologies and microstructure analysis were
investigated by SEM and TEM, as shown in Fig. 3. We can see
from Fig. 3a and b that the NiCo2O4 particles obtained without
cotton as template are almost nanosized, and the nanoparticles
are easily aggregated together to form large particles.
Fig. 1. Schematic illustration of the formation mechanism for porous NiCo2O4/C nanofibers.
Fig. 2. XRD patterns of the as-prepared NiCo2O4 nanoparticles and porous
NiCo2O4/C nanofibers.
Fig. 3. Typical FE-SEM images for (a, b) NiCo2O4 nanoparticles, and (c, d) porous
nanofibers.
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trolyte to permeate to the active materials. For the NiCo2O4/C
nanofibers (Fig. 3c, d), the particles show porous structure and
are uniformly distributed, which can provide more active sites
for electrochemical reaction. The diameter of the NiCo2O4/C
nanofibers is 100e200 nm, which makes the path of electro-
lyte diffusion shortened. In addition, since the cotton fibers
serve as template, the obtained NiCo2O4 particles also show
fiber-like morphology and have a lot of holes due to carbon-
ization and thermal decomposition of the cotton. Fig. 3e de-
picts the TEM image of a single NiCo2O4/C nanofiber with
diameter of 100 nm after strong ultrasonic treatment in
ethanol, which clearly shows the porous microstructure. The
high-resolution TEM (HR-TEM) image in Fig. 3f clearly in-
dicates that the interplanar spacing of well-defined lattice
fringes is 0.46 nm, which corresponds to the (111) plane of
NiCo2O4.NiCo2O4/C nanofibers. (e, f) TEM and HRTEM images for porous NiCo2O4/C
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inner structure of the as-prepared NiCo2O4 samples. In Fig. 4a
and c, the BET surface area of the porous NiCo2O4/C nano-
fibers is 28.7 m2 g1, which is about two times higher than that
of the NiCo2O4 nanoparticles (15.7 m
2 g1). The higher BET
surface area can be ascribed to the porous structure formed by
the removal of the cotton fibers after annealing in air. The pore
size distribution calculated from desorption data using the BJH
model (Fig. 3b, d) indicates that the pore size of the porous
NiCo2O4/C nanofibers (28 nm) is similar to the NiCo2O4
nanoparticles.
XPS was used to analyze the elemental composition and
oxidation state. Fig. 5 represents the wide scan surface survey
for the porous NiCo2O4/C nanofibers. As observed, four peaks
situated at 852.2, 779.4, 527.1 and 284.5 eV correspond to Ni
2p, Co 2p, O 1s, C 1s levels, respectively. It is worth noting
that small amount of carbon can be detected, which is due to
the residual carbon after annealing cotton fibers in air. The Ni
2p core level spectrum is shown in Fig. 5b. The peaks at 855.2
and 861.5 eVare assigned to Ni 2p3/2, while the peaks at 873.1
and 879.5 eV belong to Ni 2p1/2 level. Therefore, we can
conclude that the Ni element has Ni2þ and Ni3þ oxidation
state [51]. For the Co 2p spectrum (Fig. 5c), there are also two
kinds of Co species: Co2þ and Co3þ. The binding energies at
779.7 and 794.7 eV are indexed to Co3þ, while the two fittingFig. 4. (a, c) N2 adsorptionedesorption isotherm of NiCo2O4 nanoparticles and
nanoparticles and porous NiCo2O4/C nanofibers obtained from adsorption branchepeaks at 781.1 and 796.2 eV are ascribed to Co2þ. From
Fig. 5d, the O 1s core level spectrum contains three peaks: O1,
O2 and O3. The peaks of O1 and O2 are ascribed to the
OeCo/Ni bonds and some defect sites with oxygen coordi-
nation [41,52]. The physic-chemisorbed water can reasonably
explain for the peak of O3 at 532.6 eV [53,54].
Fig. 6a shows the CV curves of the porous NiCo2O4/C
nanofibers and the NiCo2O4 nanoparticles at 20 mV s
1. Well-
defined redox peaks are observed, indicative of obvious
Faradaic reaction. The two redox peaks can be attributed to the
redox reactions of Ni and Co species in the alkaline electrolyte
based on the following equations [55].
NiCo2O4þOH þH2O↔NiOOHþ 2CoOOHþ 2e ð2Þ
CoOOHþOH↔CoO2 þH2Oþ e ð3Þ
In addition, we can see that the area covered by the redox
peaks of the porous nanofibers is much larger than that of the
nanoparticles, demonstrating that the former has much better
electrochemical performance than the latter at this scan rate.
This phenomenon can be attributed to the porous nanofiber
structure that can facilitate the ionic transport in the electrode.
We further examined the influence of scan rate on the
electrochemical stability. Fig. 6b shows the typical CV profiles
for the porous NiCo2O4/C nanofibers measured in a potentialporous NiCo2O4/C nanofibers. (b, d) The pore size distribution of NiCo2O4
s of corresponding isotherm by BJH method.
Fig. 5. XPS spectra of porous NiCo2O4/C nanofibers: (a) survey spectrum, (b) Ni 2p, (c) Co 2p, and (d) O 1s.
Fig. 6. (a) Comparison of CV curves between porous NiCo2O4/C nanofibers and NiCo2O4 nanoparticles at a scan rate of 20 mV s
1 between 0 and 0.6 V. (b) CV
curves of porous NiCo2O4/C nanofibers at various scan rates.
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in 3 mol l1 KOH electrolyte. As can be seen, the shape of the
CV curve keep unchanged with increasing scan rate, indi-
cating that the redox reaction is quite stable. Remarkably, the
CV redox peaks are still well-defined at a high scan rate of60 mV s1, proving that the porous structure is favorable for
the high rate stability.
The galvanostatic discharge profiles at a current density of
20 A g1 for the two NiCo2O4 electrodes are presented in
Fig. 7a. Apparently, the electrode of porous NiCo2O4/C
Fig. 7. (a) Comparison of discharge curves between porous NiCo2O4/C nanofibers and NiCo2O4 nanoparticles at 20 A g
1. (b) The galvanostatic chargeedischarge
profiles of porous NiCo2O4/C nanofibers at various discharge current densities. (c) Galvanostatic chargeedischarge curves of NiCo2O4 nanoparticles at various
discharge current densities. (d) Comparison of specific capacitance between NiCo2O4 nanoparticles and porous NiCo2O4/C nanofibers at various scan rates. (e)
Cycling performance of NiCo2O4 nanoparticles and porous NiCo2O4/C nanofibers at a current density of 60 A g
1. (f) EIS curves of porous NiCo2O4/C nanofibers
before and after 2000 cycles.
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matches well with the CV curves in Fig. 6a. We focus on the
electrochemical performance of the porous NiCo2O4/C nano-
fibers electrode. Its galvanostatic chargeedischarge profiles
carried out in the voltage range between 0 and 0.5 V (vs. Hg/
HgO) at various rates are shown in Fig. 7b. Calculated with
Equation (1), the specific capacitances are 1029, 981, 930,
909, 891, 846 and 771 F g1 at discharge current densities of1, 2, 5, 10, 20, 40 and 60 A g1, respectively. For comparison,
the specific capacitances are 866, 746, 626, 589, 497, 480,
446 F g1 at the corresponding current densities for the
NiCo2O4 nanoparticles electrode (Fig. 7c). At low current
densities, the specific capacitance of NiCo2O4 nanoparticles is
slightly lower than that of porous NiCo2O4/C nanofibers; but
at high current densities, the capacitance of the former is much
lower than the latter. This means that the porous structure is
254 L. Huang et al. / J Materiomics 2 (2016) 248e255greatly favorable for the rate capability, which can be ascribed
to the enhanced kinetics of ion transport in the process of
redox reaction. The mass loadings of the as-prepared electrode
are about 1 mg cm2 and 20 mg cm3, respectively. So the
corresponding areal and volume capacity are 1.029 F cm2
and 20.58 F cm3 at the low current density of 1 A g1.
Fig. 7d compares in detail the rate capability for the two
samples. Obviously, the porous NiCo2O4/C nanofibers exhibit
much better rate performance than the NiCo2O4 nanoparticles.
The specific capacitance at 60 A g1 retains about 75% of that
at 1 A g1 for the former, while the corresponding capacitance
retention is only 51.5% for the latter. Furthermore, the former
also shows acceptable cycling stability (Fig. 7e). Even at a
very high current density of 60 A g1, the specific capacitance
can still reach 400 F g1 after 2000 cycles. However, the decay
of the specific capacity is also obvious, which can be ascribed
to the poor conductivity of NiCo2O4 and the gradually
destroyed porous nanostructure of the NiCo2O4/C nanofibers
during cycling at high current density.
Finally, the EIS was further used to evaluate the electro-
chemical behavior of the as-prepared porous NiCo2O4/C
nanofibers. The Nyquist plots are shown in Fig. 7f, and the
frequency range is 0.01e100 kHz. Obviously, the charge-
transfer resistance (Rct) of NiCo2O4/C nanofibers electrode is
very low, showing that efficient electrochemical reaction sites
are sufficient. In addition, the diffusion resistance of NiCo2O4/
C nanofibers electrode is lower, facilitating the ion diffusion in
the redox reaction process.
4. Conclusions
A low-cost and scalable hydrothermal method has been to
develop to fabricate the porous NiCo2O4/C nanofibers elec-
trodes by using cotton fibers as a template. The special
structure delivers a high specific capacitance, especially
greatly improve the rate performance. Such low-cost porous
NiCo2O4/C nanofibers can be a promising electrode material
for high performance supercapacitors.
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